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ORZ HOHFWULFDO FRQGXFWLYLW\ LQ WKH RUGHU RI ± 6P 'LVSHUVLQJ FRQGXFWLYHPDWHULDOV LQWR WKH
QRQFRQGXFWLYH PDWUL[ FDQ IRUP FRQGXFWLYH FRPSRVLWHV  7KH HOHFWULFDO FRQGXFWLYLW\ RI D FRPSRVLWH LV
VWURQJO\ GHSHQGHQW RQ WKH YROXPH IUDFWLRQ RI WKH FRQGXFWLYH SKDVH $W ORZ YROXPH IUDFWLRQV WKH
FRQGXFWLYLW\UHPDLQVYHU\FORVHWRWKHFRQGXFWLYLW\RIWKHSXUHPDWUL[:KHQDFHUWDLQYROXPHIUDFWLRQLV
UHDFKHG WKH FRQGXFWLYLW\ RI WKH FRPSRVLWH GUDVWLFDOO\ LQFUHDVHV E\ PDQ\ RUGHUV RI PDJQLWXGH 7KH
SKHQRPHQRQ LV NQRZQ DV SHUFRODWLRQ DQG FDQ EH ZHOO H[SODLQHG E\ SHUFRODWLRQ WKHRU\ 7KH HOHFWULFDO
SHUFRODWLRQ WKUHVKROGRIFRQGXFWLYH UHLQIRUFHPHQWVHPEHGGHG LQDQ LQVXODWLQJPDWUL[ LVVHQVLWLYH WR WKH
JHRPHWULFDO VKDSH RI WKH FRQGXFWLYH SKDVH 7KH VPDOO VL]H DQG ODUJH DVSHFW UDWLR OHQJWKGLDPHWHU DUH
KHOSIXOWRORZHUWKHSHUFRODWLRQWKUHVKROG>@'HSHQGLQJRQWKHPDWUL[WKHSURFHVVLQJWHFKQLTXHDQGWKH
QDQRWXEH W\SH XVHG SHUFRODWLRQ WKUHVKROGV UDQJLQJ IURP  ZW WR PRUH WKDQ ZW KDYH EHHQ
UHSRUWHG>@ %HFDXVH FDUERQ QDQRWXEHV KDYH WUHPHQGRXVO\ ODUJH DVSHFW UDWLRV ±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)LJ3ORWVRIWUDQVPLWWHGSKRWRQLQWHQVLWLHV,WUYHUVXVDQQHDOLQJWHPSHUDWXUHVGHSHQGLQJRQ0:17FRQWHQWLQWKHILOPV
1XPEHUVRQHDFKILJXUHVKRZVWKH0:17FRQWHQWLQWKHILOP

VDPSOHVH[FHSWIRUZW0:17FRQWHQWILOP7KHLQFUHDVHLQ,WUZLWKDQQHDOLQJFDQEHH[SODLQHGE\
WKH HYDOXDWLRQ RI WUDQVSDUHQF\ RI WKH ILOPV DQG VXUIDFH VPRRWKLQJ XSRQ DQQHDOLQJ  0RVW SUREDEO\
LQFUHDVHLQ,WUXSWR7KVHH)LJXUHFRUUHVSRQGVWRWKHYRLGFORVXUHSURFHVV>@LHWKHSRO\VW\UHQH
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VWDUWVWRIORZXSRQDQQHDOLQJDQGYRLGVEHWZHHQSDUWLFOHVFDQEHILOOHG2QWKHRWKHUKDQGLQFUHDVHLQ,WU
DERYH7K FRUUHVSRQGV WKH LQWHUGLIIXVLRQSURFHVV+RZHYHU IRU ZW0:17FRQWHQW ILOP ,WU DOPRVW
GRHVQ¶WFKDQJHZLWKDQQHDOLQJZKLFKPHDQVWKDWQRILOPIRUPDWLRQSURFHVVRFFXUDQGOLJKWWUDQVPLVVLRQ
LVFRPSOHWHO\EORFNHGE\GLVSHUVLRQRI0:17VLQWKHFRPSRVLWHILOP2QWKHRWKHUKDQG,WUGHFUHDVHV
ZLWKLQFUHDVLQJ0:17FRQWHQWLQILOPVDWDOODQQHDOLQJWHPSHUDWXUHVSUHGLFWLQJOHVVWUDQVSDUHQF\RFFXUV
DWKLJK0:17FRQWHQWILOPV

7R VHH WKH GLVSHUVLRQ RI0:17V LQ 36 PDWUL[ 6(0PLFURJUDSKV RI FRPSRVLWH ILOP ZLWK  ZW
0:17FRQWHQWZHUHWDNHQDIWHUDQQHDOLQJDWGLIIHUHQWWHPSHUDWXUHVVHH)LJ,Q)LJDIRUWKH
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SKHQRPHQDWKHIROORZLQJPHFKDQLVPVDQGWKHLUIRUPXODWLRQVDUHSURSRVHG
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E\ VXUIDFH WHQVLRQ RI SRO\PHU LH SRO\PHUDLU LQWHUIDFLDO WHQVLRQ ,Q RUGHU WR UHODWH WKH VKULQNDJH RI
VSKHULFDOYRLGRIUDGLXVUWRWKHYLVFRVLW\RIVXUURXQGLQJPHGLXPK DQH[SUHVVLRQZDVGHULYHGDQGJLYHQ
E\WKHIROORZLQJUHODWLRQ>@
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VXFKDV WKHQXPEHURI YRLGV WKH LQLWLDO SDUWLFOH VL]H DQGSDFNLQJ8VLQJ WKH)UHQNHO(\ULQJ WKHRU\ IRU WKH
WHPSHUDWXUHGHSHQGHQFHRIYLVFRVLW\>@DQGLQWHJUDWLQJ(TWKHIROORZLQJHTXDWLRQLVREWDLQHG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 ER 'Q Q      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IRUYDULRXV0:&17
FRQWHQW7KHDFWLYDWLRQHQHUJLHV'(DUHSURGXFHGE\OHDVWVTXDUHVILWWLQJWKHGDWDWR(TDQGDUHOLVWHG
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)LJ7KH/Q,WUYHUVXV7SORWVRIWKHGDWDLQ)LJ7KHVORSHRIWKHVWUDLJKWOLQHVSURGXFHV'+DQG'(
DFWLYDWLRQHQHUJLHVZKLFKDUHOLVWHGLQWDEOH

7DEOH([SHULPHQWDOO\GHWHUPLQHGDFWLYDWLRQHQHUJ\YDOXHV

YDOXHV KDYH D PLQLPXP DERXW WKH VDPH SRLQW $QRWKHU ZRUGV LQWHUGLIIXVLRQ RI SRO\PHU FKDLQV QHHGV
PRUHHQHUJ\WRFURVVRYHUWKHMXQFWLRQVXUIDFHWKDQDPRXQWRIKHDWZKLFKZDVUHTXLUHGE\RQHPROHRI
SRO\PHULFPDWHULDOWRDFFRPSOLVKDMXPSGXULQJYLVFRXVIORZ,QIDFWWKHVHRSWLPXPSRLQWVFRUUHVSRQGWR
WKHSHUFRODWLRQWKUHVKROGIRUWKHHOHFWULFDOFRQGXFWLYLW\DQGIRUWKHRSWLFDOWUDQVSDUHQF\LQFRPSRVLWHILOP
VHHQH[WVHFWLRQ

(OHFWULFDO&RQGXFWLYLW\RI360:17&RPSRVLWHV
7KH VXUIDFH FRQGXFWLYLW\ SURSHUWLHV RI WKH ILOPV ZHUH PHDVXUHG DW URRP WHPSHUDWXUH E\ XVLQJ D WZR
SUREH WHFKQLTXH  )LJ D VKRZV WKH HOHFWULFDO FRQGXFWLYLW\ V RI 360:17 FRPSRVLWH ILOPV DV D
IXQFWLRQRI0:17VUDWLR5:KLOHORZ0:17FRQWHQWFRPSRVLWHV5VKRZVLPLODU
0:17ZW        
'+NFDOPRO        
'(NFDOPRO        
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)LJD&RQGXFWLYLW\VYHUVXV0:17FRQWHQW5ZWZWE/RJ±/RJSORWRIVYHUVXV55F

FRQGXFWLYLW\ EHWZHHQ  6 WKH FRQGXFWLYLW\ RI KLJK 0:17 FRQWHQW ILOPV 5! LQFUHDVH
GUDPDWLFDOO\ WRa6  ,Q RWKHUZRUGV DERYH0:17V IRUPDQ LQWHUFRQQHFWHGSHUFRODWLYH
QHWZRUN+RZHYHUEHORZFOXVWHUVRI0:17EHFRPHVHSDUDWHGE\WKHSRO\VW\UHQHOD\HUV)URP
KHUHZHFRXOGFRQFOXGHWKDW WKHHOHFWULFDOFRQGXFWLYLW\RI WKH ILOPVH[KLELWHGDW\SHRISHUFRODWLRQ>@
EHKDYLRU

3HUFRODWLRQ7KHRU\
7KH EDVLV RI WKH SHUFRODWLRQ WKHRU\ LV WR GHWHUPLQH KRZ D JLYHQ VHW RI VLWHV UHJXODUO\ RU UDQGRPO\
SRVLWLRQHG LQ VRPH VSDFH LV LQWHUFRQQHFWHG>@  $W VRPH FULWLFDO SUREDELOLW\ FDOOHG WKH ³SHUFRODWLRQ
WKUHVKROG SF´ D FRQQHFWHGQHWZRUNRI VLWHV LV IRUPHGZKLFK VSDQV WKH VDPSOH FDXVLQJ WKH V\VWHP WR
SHUFRODWH7ZRW\SHVRISHUFRODWLRQZHUHFRQVLGHUHGVLWHSHUFRODWLRQZKHUHVLWHV LQD ODWWLFHDUHHLWKHU
ILOOHGRUHPSW\RUERQGSHUFRODWLRQZKHUHDOOWKHVLWHVLQDODWWLFHDUHRFFXSLHGEXWDUHHLWKHUFRQQHFWHG
RU QRW>@  ([WHQVLYH VLPXODWLRQV DQG WKHRUHWLFDO ZRUN KDYH VKRZQ WKDW WKH SHUFRODWLRQ SUREDELOLW\3fS
YDQLVKHVDVDSRZHUODZQHDU FS 
E FSSSS |f    
)RUDOOYROXPHIUDFWLRQVS!SF WKHSUREDELOLW\RI ILQGLQJDVSDQQLQJFOXVWHUH[WHQGLQJIURPRQHVLGHRI
WKHV\VWHPWRWKHRWKHUVLGHLV7KHODUJHVWFOXVWHUVSDQVWKHODWWLFHFRQQHFWLQJWKHOHIWDQGULJKWHGJHVWRWKH
ERWWRPHGJHZKLFKLVFDOOHGSHUFRODWLQJFOXVWHU:KHUHDVIRUDOOYROXPHIUDFWLRQVSSFWKHSUREDELOLW\
RIILQGLQJVXFKDQLQILQLWHFOXVWHULV
7KHFRQGXFWLYLW\VRIDSHUFRODWLYHV\VWHPLVJHQHUDOO\GHVFULEHGDVDIXQFWLRQRIPDVVIUDFWLRQ5E\
WKHVFDOLQJODZLQWKHYLFLQLW\RIWKHSHUFRODWLRQWKUHVKROG5FV
VE
VVV  F55         
:KHUHVLVFRPSRVLWHFRQGXFWLYLW\LQ6LHPHQVVLVWKHVHOIFRQGXFWLYLW\RI0:17VILOPDQGLVHTXDO
WR5SUHVHQWVZHLJKWIUDFWLRQRI0:17V5FVSUHVHQWVSHUFRODWLRQWKUHVKROGRIFRQGXFWLYLW\DQGEVLV
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FULWLFDOH[SRQHQW7KLVHTXDWLRQLVYDOLGDWFRQFHQWUDWLRQVDERYHWKHSHUFRODWLRQWKUHVKROGLHZKHQ5!
5FV7KHYDOXHRIWKHFULWLFDOH[SRQHQWVEVLVGHSHQGHQWRQWKHGLPHQVLRQVRIWKHODWWLFH>@

,QRUGHUWRFDOFXODWHWKHSHUFRODWLRQWKUHVKROG(TZDVWUDQVIRUPHGLQWRWKHORJDULWKPLFIRUP
ORJV ORJVEVORJ~55F~
7KHQWRSURGXFHDQHVWLPDWHGYDOXHIRU5FVDQGWKHFULWLFDOH[SRQHQWEVZHILWWHGWKHORJVORJ~55F~
GDWD LQ)LJE IRU5!5FV WR(T 7KHYDOXHRIEV KDVEHHQGHWHUPLQHG IURP WKH VORSHRI WKH OLQHDU
UHODWLRQRI ORJVORJ~55F~ SORW RQ)LJ E DQG IRXQG WR EH DV  7KLV YDOXH DJUHHVZHOOZLWK WKH
XQLYHUVDOVFDOLQJYDOXHRI E V ,QWKUHHGLPHQVLRQDOODWWLFHV\VWHPV>@E VYDOXHVFKDQJHIURPWR
7KHIDFWWKDW E VLVQRWVLJQLILFDQWO\JUHDWHUWKDQDOVRVXJJHVWWKDWWKHEXQGOHVDUHQRWVHSDUDWHGE\
SRO\PHU WXQQHOLQJ EDUULHUV VKRZV WKDW WKH SRO\PHU FRDWLQJ REVHUYHG LQ )LJ  FDQQRW VLPSO\ FRDW
LQGLYLGXDO EXQGOHV EXW PXVW FRDW WKH QHWZRUN DV ZKROH DOORZLQJ LQWLPDWH FRQWDFW EHWZHHQ EXQGOHV DW
MXQFWLRQVLWHV

&21&/86,21
:H KDYH UHSRUWHG DQ LQYHVWLJDWLRQ RI WKH ILOP IRUPDWLRQ DQG HOHFWULFDO FRQGXFWLYLW\ RI 360:17
FRPSRVLWHV%HORZZW0:17FRQWHQWWZRGLVWLQFWILOPIRUPDWLRQVWDJHVZKLFKDUHQDPHGDVYRLG
FORVXUHDQG LQWHUGLIIXVLRQZHUHREVHUYHG +RZHYHU0:17FRQFHQWUDWLRQVDERYHZW0:17QR
ILOP IRUPDWLRQ FDQ EH DFKLHYHG  2Q WKH RWKHU KDQG VDPSOH FRQGXFWLYLWLHV ZHUH REVHUYHG WR GHSHQG
VWURQJO\RQWKH0:17FRQWHQWVZKLFKDUHGUDVWLFDOO\FKDQJHGZLWKLQFUHDVHRIWKH0:17FRQWHQWDERYH
WKHSHUFRODWLRQWKUHVKROGRIZW0:17:LWKWKHLQWURGXFWLRQRIZW0:17VWKHFRQGXFWLYLW\
SUHVHQWHGDQLQFUHDVHE\RUGHUVRIPDJQLWXGHFRPSDUHGZLWKORZ0:17FRQWHQWILOPV

9RLG FORVXUH '+ DQG LQWHUGLIIXVLRQ '( DFWLYDWLRQ HQHUJLHV SUHVHQWHG RSWLPXP YDOXHV DURXQG WKH
WKUHVKROG RI WKH HOHFWULFDO FRQWXFWLYLW\ DQG RSWLFDO WUDQVSDUHQF\ SHUFRODWLRQ DURXQG  ZW 0:17
FRQWHQW2XUUHVXOWVDUHTXLWHVLPLODUWRRWKHUUHSRUWVRQORZFRQGXFWDQFHZLWK&17VDPRXQWDQGVWDUWWR
VDWXUDWHDWKLJKHU&17VFRQWHQW )XUWKHU LQYHVWLJDWLRQRIHOHFWULFDOSURSHUWLHVRI WKHFRPSRVLWH ILOPV LV
XQGHUZD\LQRXUODERUDWRU\WRXQGHUVWDQGWKHEHKDYLRUVRI'+DQG'(DFWLYDWLRQHQHUJLHVDURXQGWKH
SHUFRODWLRQSRLQW

5()(5(1&(6
>@3URYGHU7:LQQLN0$DQG8UEDQ0:)LOP)RUPDWLRQ LQ:DWHUERUQH&RDWLQJV (GV$&66\PS 
$PHU&KHP6RF6HU
>@0DFNHQ]LH-.6KXWWOHZRUWK53URF3K\V6RF
>@<RR-16SHUOLQJ/+*OLQND&-.OHLQ$0DFURPROHFXOHV
>@3HNFDQg7UHQGV3RO\P6FL
>@%DXJKPDQ5+=DNKLGRY$$GH+HHU:$6FLHQFH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